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ABSTRACT 

The Galactic Black hole candidate XTE J 1752-223 was observed during the decay of its 2009 
outburst with the Suzaku and XMM-Newton observatories. The observed spectra are consistent 
with the source being in the "intermediate" and "low-hard state" respectively. The presence 
of a strong, relativistic iron emission line is clearly detected in both observations and the line 
profiles are found to be remarkably consistent and robust to a variety of continuum models. 
This strongly points to the compact object in XTE J1752-223 being a stellar-mass black hole 
accretor and not a neutron star. Physically-motivated and self-consistent reflection models for 
the Fe-i\~a emission-line profile and disk reflection spectrum rule out either a non-rotating, 
Schwarzchild black hole or a maximally rotating, Kerr black hole at greater than 3a level of 
confidence. Using a fully relativistic line function in which the black hole spin parameter is a 
variable, we have formally constrained the spin parameter to be 0.52 ±0. 1 1 (la) . Furthermore, 
we show that the source in the low-hard state still requires an optically-thick disk component 
having a luminosity which is consistent with the L ex T 4 relation expected for a thin disk ex- 
tending down to the inner-most stable circular orbit. Our result is in contrast to the prevailing 
paradigm that the disk is truncated in the low-hard state. 
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1 INTRODUCTION 

Stellar-mass Galactic black holes in X-ray binaries represent 
nearby laboratories in which the inner regions of the accretion flow 
can be studied in detail, thus providing information on both the 
geometry of the accretion disc and on intrinsic physical parame- 
ters such as black hole mass and spin. Whereas the supermassive 
black holes that power active galactic nuclei (AGN) are variable 
by a factor of several, the mass accretion rate onto a stellar-mass 
black hole can vary by 10 8 between quiescence and outburst peak. 
This affords unique opportunities to study how accretion flows 
evolve, including h ow relativistic jets are produced and quenched 
jFender et al .1120041). At relatively high mass accretion rates, where 
a standard IShakura & Sunvaevl (1 19731) accretion disk remains at 
the innermost stable circular orbit (ISCO), the X-ray spectrum 
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of t hese sources permit constraints on black hole spin parameters 
(e.g.lMUler eta l. 2002; McClintock eUul200d : lshafee et alfcOOd 
iReis et al.ll2008l : iMiller et alJ2009h . 

Presently, dynamical constraints demand a black hole pri- 
mary in 20 sources in the Milky Way and Large Magellanic Cloud 
dRemillard & McClintockluOOfjh . In approximately twice this num- 
ber of sources, observing constraints have prevented dynamical 
constraints on the mass of the primary, but X-ray spectra, timing 
and multi-wavelength properties clearly indicate that the binary 
harbours a b lack hole. These sources are of ten called "black hole 
candidates' ' dRemillard & M cClintock EoOfih . New candidate black 
hole transients that are found to lie in favourable fields and to not 
suffer excessive extinction - candidates that will permit dynami- 
cal constraints via radial velocity curves - are especially important 
sources. 

XTE J 1752— 223 was discovered during peri odic RXTE scans 
of the Galactic bulge region on 23 October 2009 (Mark wardt et al.l 
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l2009bh . Observations wit h the Swift/B AT and MAXI/ GSC soon 
confirmed the new source (Markwardt et al. 2009a; Nakahira et al.1 
l2009h . Additional prompt observations failed to detect pulsations; 
the absence of pulsations and the nature of the spectrum led to 
an early i dentification of XTE J 17 52— 223 as a new black hole 
candidate dMarkwardt et al.1 12009a ). Many black hole X-ray bi- 
naries begin their rise to outbur st peak in the "low/hard" state , 
in which jet emission is typical dRemillard & McClintockll2006h : 
prompt radio observations of XTE J 1752— 223 with ATCA de- 
tected a flat-sp ectrum radio sources, c onsistent with emission from 
a compact jet jBrocksopp et al.ll2Q09h . Also typical of black holes, 
XTE J1725-223 was detec ted in hard X-rays with the Fermi/GBM 
dWilson-Hodge et alj|2009h. A bright optical counterpart has been 
reported (iTorres et al.l2009ah, together with the presence of a broad 
Ha emission line jTorres et al.ll2009bh . The column density along 
the line of sight to XTE J 1752-223 is modest (4.5 x 10 21 cm -2 , 
iDickev & L ockman 1990k and a dynamical mass constraint may 
be possible. 

Understanding the role of black hole spin in shaping accre- 
tion flows onto - and jets from - black holes is an important and 
timely aim. The dimensionless spin parameter of a black hole is 
given by a = cJ / GM 2 , where J is angular momentum, G is New- 
ton's constant, and M is the mass of the black hole. In the case of 
stellar-mass black holes, the spin parameter cannot be changed sig- 
nificantly throu gh the limited mass that can be ac creted from the 
companion star (iThorne 1974; Gam mie et al.ll2004l) . Thus, the spin 
of black holes in X-ray binaries is set by the creation event, likely 
a gamma-ray burst (GRB) or supernova (SNe). 

The mass of the black hole in XTE J1752— 223 and the dis- 
tance to this source are not presently known, but modelling of rel- 
ativistic Fe K disk lines - as well as all other associated reflection 
features - in the spectra of X-ray binar ies, can constrain s pin pa- 



rameters without these quantities (e.g . Miller et al.l 
120091 : iMartocchia et al.ll2002l : iReis et all 2008, 2003). The reflec- 
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tion component arise as hard emission from the corona irradiates 
the cooler disc and results in "reflection signatures" consisting of 
fluoresc ent and recombination emission lines as well as absorption 
features (Ross & Fabian 2005). The most prominent of these signa- 
tures being the broad, skewed Fe-Ka line. Constraint on the spin 
parameter arises because the Doppler shifts and gravitational red 
shifts that shape such lines depend only on the relative depth of the 
disk within the potential well, not on an absolute quantity. When the 
mass and distance to a source are known, modelling of the accretion 
disk continuum can give a completely indepe ndent spin constraint 
(e.g. iMcClintock et al.ll2006l : iGou et all2009h . 

In this paper, we draw on observations of XTE J 1752— 223 
with XMM-Newton and Suzaku to constrain the nature of the inner- 
most accretion flow in this source, and to constrain the spin param- 
eter of the black hole. The observations were made at very different 
points during the current outburst of XTE J1752— 223: Suzaku ob- 
served the source in an "intermediate" state, while XMM-Newton 
observed the source in a "low/hard" state. A relativistic iron disk 
line is detected in both observations; the profile is remarkably con- 
sistent between the two. 



2 DATA REDUCTION 

XTE J 1752-223 was observed during the decay of its 2009 out- 
burst with Suzaku dMitsuda et al.ll2007h on Fe bruary 24 (hereafter 
Obs. 1), and subsequently with XMM-Newton Jjansen et al.ll200ll) 
on April 06 (hereafter Obs. 2) for a total exposure of approxi- 
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Figure 1. MAXI lightcurve for XTE J1752-223 in four energy bins and 
hardness ratio (Bottom panel) defined as the ratio between the 4-10 and 
1 .5 — 4 keV energy range. The dotted vertical lines shows the time for the 
Suzaku (Obs. 1) and XMM-Newton (Obs. 2) observations presented in this 
paper. It is clear that the source was observed in two different spectral states. 



mately 42 ks each time. The Suzaku observation caught the source 
in the intermediate state during its decay from maximum flux as 
shown in Fig. Q] At the time of the XMM-Newton observation, 
XTE J 1752-223 was back in the low-hard state. 

The three oper ating detectors const ituting the X-ray Imaging 
Spectrometer (XIS; lKovama et al1l2007h on-board of Suzaku were 
operated in the "burst" mode with the front illuminated (FI; XIS0 
and 3) and back illuminated (BI; XIS1) detectors in the 2x2 and 
3x3 editing modes respectively. The observation resulted in a to- 
tal (co-added) good-exposure of approximately 12.2 ks and 516 s 
for the FI and BI instruments respectively. Due to the short ex- 
posure time of the BI camera, throughout this paper we will only 
discuss the results obtained with the FI instrument. Using the latest 
HEASOFT v6.9 software package we processed the unfiltered event 
files for each of the two remaining CCDs following the Suzaku 
Data Reduction Gui de 1 . New attitude files were created using the 
AEATTCOR script 2 dUchivama et al.ll2008l) in order to correct for 
shift in the mean position of the source caused by the wobbling of 
the optical axis. The FTOOL XISCOORD was used to create new 
event files which were then further corrected by re-running the 
Suzaku pipeline with the latest calibration, as well as the associ- 
ated screening criteria files. The good time intervals provided by 
the XIS team were employed in all cases to exclude any possible 
telemetry saturations. XSELECT was used to extract spectral prod- 
ucts from these event files. Source events were extracted from a 
square- annulus region with inner and outer width of 30 and 240" 
respectively, and background spectra from another region of the 
same size, devoid of any obvious contaminating emission, else- 
where on the same chip. The script "xisresp" 3 with the "medium" 
input was used to obtain individual ancillary response files (arfs) 
and redistribution matrix files (rmfs). "xisresp" calls the tools "xis- 
rmfgen" and "xissimarfgen". Finally, we combined the spectra and 



1 http ://heasarc .gsfc.nasa.gov/docs/ suzaku/analy sis/ 

2 http :// space . mit.edu/ cxc/ software/ suzaku/ aeatt . html 

3 http://suzaku.gsfc.nasa.gov/docs/suzaku/analysis/xisresp 
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response files from the two front-illuminated instruments (XISO 
and XIS3) using the FTOOL ADDASCASPEC to increase signal-to- 
noise. The FTOOL GRPPHA was used to give at least 100 counts 
per sp ectral bin. The Hard X-ray Detector fHXD: fl„kahashi et al.l 
l2007h was operated in the normal mode. The appropriate response 
and tuned non-X-ray background (NXB) files for HXD-nominal 
pointing were downloaded 4 and the data were reprocessed in accor- 
dance with the Suzaku Data Reduction Guide. Common good time 
intervals were obtained with MGTIME which combines the good 
times of the event and background files, and XSELECT was used to 
extract spectral products. Dead time corrections were applied with 
HXDDTCOR, and the exposures of the NXB spectra were increased 
by a factor of ten, as instructed by the data reduction guide. The 
contribution from the Cosmic X-ray Background (CXB) was simu- 
lated using the form of lBoldtl ( 1987), with the appropriate normal- 
isation for the HXD nominal pointing, resulting in a CXB rate of 
0.021 count s _1 . The NXB and CXB spectra were then combined 
using MATHPHA to give a total background spectrum, to which a 
2 per cent systematic uncertainty was added. The source spectrum 
was finally grouped to at lea st 500 counts per sp ectral bin. 

The EPIC-pn camera dStriider et alJ l200lh on-board XMM- 
Newton was operated in "timing" mode with a "medium" opti- 
cal blocking filter The EPIC-MOSl and EPIC-MOS2 cameras 
jTurner et al .11200 ll) were operated in the "imaging" mode. Start- 
ing with the unscreened level 1 data files, we generated concate- 
nated and calibrated event lists for the different instruments using 
the latest XMM-Newton Science Analysis System v 10.0.0 (SAS). 
EPIC-pn events were extracted from a stripe in RAWX (30-48) vs 
RAWY (2.5-199.5) space. Bad pixels and events too close to chip 
edges were ignored by requiring "FLAG = 0" and "PATTERN < 
4". The energy channels were initially binned by a factor of five 
to create a spectrum. The EPIC-MOS data suffered heavily from 
pile up and will therefore not be included in the forthcoming anal- 
ysis. We used the SAS task EPATPLOT to assess the level of pile- 
up in the EPIC-pn spectrum and found it to be insignificant. The 
EPIC-pn count rate is approximately 150 count s _1 which is well 
below the nominal pile-up limit for the instrument in timing mode 
800 count s _1 ). Response files were created in the standard 
way using the tools RMFGEN and ARFGEN. The total good expo- 
sure time selected was 1.8 ks. Because of the high source flux in 
the EPIC-pn spectrum we did not subtract any background. Finally 
we rebinned the spectrum with the tool PHARBN 5 , to have 3 en- 
ergy channels per resolution element, and at least 20 counts per 
channel. Throughout this paper XIS-FI and EPIC-pn spectra are 
fitted in the 1.3-10.0 keV energy range respectively. This lower 
limit was chosen as it was found that the data below this energy 
showed strong positive residuals a bove any reasonable c ontinuum. 
Similar residuals were reported bv lHiemstra et al.l (2010) based on 
an £P/C-pn-timing observation of XTE J 1652-453 where the au- 
thors associated it with possible calibration issues related with the 
redistribution matrix of the timing-mode data. The PIN spectrum is 
restricted to the 20.0-45.0 keV energy range and fit simultaneously 
with the XIS data by adding a normalisation factor of 1.18 with re- 
spect to that of the FI spectrum. All errors reported in this work are 
90 per cent confidence errors obtained by allowing all parameters 
to vary, unless otherwise noted. 



3 DATA ANALYSES AND RESULTS 
3.1 Phenomenological models 

The X-ray spectrum of stellar mass black hole binaries can usu- 
ally be phenomenologically characterised by a continuum con- 
sisting of an absorbed powerlaw together with a thermal disk- 
blackbody component. In addition to this continuum, ofte n there 
is als o a broad emission line at ~ 6.4 keV (see e.g. iMilled 
l2007h . Anticipating a similar combination for the continuum of 
XTE J1752-223, we start by fitting the energy range 1.3-4.5 and 
8.0-45.0 keV with a powerlaw modified by interstellar absorp- 
tion (PHABS 6 m odel in XSPEC ) together with the disk black body 
model DISKBB dMitsuda et~ai1ll984l ; iMakishima et al.| [T986). Ini- 
tially we constrain the neutral-hydrogen column density (Nn) to 
be the same between the two observations. The model parame- 
ters are thus the (global) Nh, as well as disk temperatures (Tdisk), 
powerlaw indices (r) and normalizations (N) for each observa- 
tion. This combination resulted in a good description of the con- 
tinuum, with the bulk of the residuals coming from the energy 
range between 1.7-2.5 keV possibly due to the Au M-shell edges 
and Si features in the detectors. Hereafter this energy range will 
be ignored. The resulting fit gives x 2 /* 7 — 2121.5/1282 with a 
disk temperature of 0.570 ± 0.002 keV and 0.287 ± 0.004 keV 
for Obs. 1 and 2 respectively. The total, luminosity in the 0.5- 
lOkeV range, (L T ) is L T i ^ 2.5(d/10 kpc) x 10 38 erg s" 1 and 
L T 2 ~ 3.0(d/10kpc) x 10 37 ergs _1 for Obs. 1 and 2 respec- 
tively. Assuming a fiducial black hole of 10 M at a distance of 
lOkpc places our observations at L/LEdd — 0.2 and 0.02 respec- 
tively. The latter value for the luminosity state of XTE J 1752-223 
during the XMM-Newton observation is over an order of ma gni- 
tude higher than the range explored by iTomsick et al.l d2009f) for 
GX 339-4 (0.14% LEdd), where the authors presented the first di- 
rect evidence for the truncation of the accretion disk in the low-hard 
state of accreting black holes. 

The unabsorbed disk flux decreases from (2.57 ± 
0.02) x 10" 8 ergcm- 2 s" 1 in Obs. 1 to (1.71 ± 0.07) x 
10" 9 ergcm- 2 s _1 in Obs. 2 so that (Ti/T 2 ) 4 = 17.7 ± 1.0 
and F1/F2 = 15.0 ±1.0 which is remarkably consistent with the 
L oc T 4 relation expected for a standard thin accretion disk extend- 
ing d own to the ISCO (see e.g. iFrank, J., King, A.. & Raine. D. J.I 
120021) in both spectral states. 

The total neutral hydrogen column density in the line of sight 
to low-mass X-r ay binaries is not ex pected to vary at the time scales 
considered here dMiller et al .120091) . However due to the uncertain- 
ties in the cross calibration between the instruments we hereafter al- 
low this parameter to differ between the Suzaku and XMM-Newton 
observations in order to obtain a better description of the contin- 
uum. Fig. |2 shows the data/model ratio for the two observations of 
XTE J 1752-223 fitted with a variety of plausible continuum models 
over the full energy range allowed for each spectrum excepting the 
iron-K band between 4.5-8.0 keV. The models used for the con- 
tinua are listed in Table Q] Model 2 replaces the powerlaw compo- 
n ent in Model 1 w ith the thermal Comptonization code, compTT , 
of lTitarchukMl994l) where the input seed photon temperature (kTo) 
was tied to the thermal disk temperature modelled with DISKBB . 
The temperature (KT e ) and optical depth (r) of the plasma are fur- 
ther free parameters of this model. As a further test to the robust- 



Using the standard BCMC cross-sections 

4 http://www.astro.isas.ac.jp/suzaku/analysis/hxd/ \B alucinska-Church~ & McCammon 1992) and ANGR abundances 



5 http://virgo.bitp.kiev.ua/docs/xmm_ sas/Pawel/reduction/pharbn dAnders^^rev esse 1989) 
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Figure 2. Data/model ratio to a variety of absorbed Compton components 
together with thermal disk emission. Suzaku spectra (XIS and PIN) for the 
Feb-2010 observation are shown in black. The XMM-Newton (EPIC-pn) 
April-2010 spectrum is shown in red. The XIS and EPIC-pn data were fitted 
in the 1.3-4.5 and 8.0-10.0 keV energy range. The PIN data was fitted be- 
tween 20.0-45.0 keV. The bottom panel shows the double Compton model 
applied to the low-hard state data only. The residuals show that a broad 
iron-emission line extending to approximately 4 keV is present in both ob- 
servations independent of the model used for the hard emission. The data 
have been rebinned for plotting purposes. 
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Figure 3. Close up of the line profile for the Suzaku (black) and XMM- 
Newton (red) observations. It is clear that the line profile has varied very 
little between the observations. Note that the XMM-Newton observation has 
its own ratio scale shown on the right. 




Emissivity index (q) 



Figure 4. Inclination versus emissivity index contour plots for 
XTE J1752-223 (Model 1). The 68, 90 and 95 per cent confidence range for 
two parameters of interest are shown in black, red and green respectively. 
The cross marks the position of the global minimum. 

ness of the line profil e we replaced in Model 3 th e compTT com- 
ponent with compPS JPoutanen & Svenssonll 19961) which is better 
suited for high electron temperatures. It is clear from Fig.[2and Ta- 
ble Q] that the extent and overall shape of the line does not strongly 
depend on the chosen continuum. 

Allowing the neutral hydrogen column-density to differ be- 
tween the observations resulted in a higher disk temperature and 
lower Nu for the second observation as compared to the results 
presented above. Although this fit yields an improvement in % 2 it 
is unlikely that such a large variation in Nu is real and the ac- 
companying high temperature is merely a response to the low Nu . 
We remind the reader that the purpose of these phenomenological 
models is simply to highlight the robustness of the line profile to 
a variety of - very different - continua. From Table 1 we see that 
the strength of the line - characterised by its equivalent width - 
for Obs. 1 (Obs. 2) does not depend on the curvature of the con- 
tinuum, with a value of approximately 270(180) eV for the least 
curved model (Model 1) and 290(170) eV for the highly curved 
Comptonisation model compPS (Model 3). 

We again see from Fig. [3] that the shape of the line pro- 
file does not vary significantly during the two observations even 
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Table 1. Joint fits with simple phenomenological models 



Parameters 

N u ( xlO 22 cm- 2 ) 

T disk (keV) 

r 

fcTo(keV) 
kT e (keV) 

T 

E Laor (keV) 
EW(eV) 

q 

i (degrees) 

X 2 /" 



Model 1 
diskbb+powerlaw 



Obs. 1 
0.56 ±0.01 

U.DOl_ 0Q1 
Z - D '-0.05 



6 Q1+0.06 
D - yi -0.21 



Obs. 2 



0.14 ±0.02 

r> + 0.02 

-0.01 

1.82 ±0.01 



0.42^ 



~>+70 
-50 

4.2 ±0.5 

!+0.3 
-0.6 



270: 

.2± 
19+ 
4.1+ 



6.97_o.o3 
180 ± 20 

o O+0.3 

°-°-o.i 
=Obs. 1 

=Obs. 1 



2645.4/2247 



Model lb 
diskbb+powerlaw 
Obs. 1 Obs. 2 



0.563 ±0.005 



0.561 
2.52 



+ 0.005 
0.001 
+0.03 
0.05 



6.97_o.23 
2801^ 

4.6 ±0.4 
28 ±2 
2.8j 



a +0.3 
-0.1 



0.134 ±0.005 

42 q+ - 010 
u.^zy_ 004 

1.82 ±0.01 



6.97_o.oi 
190 ± 20 
3.9 ±0.3 
=Obs. 1 
3.9 ±0.5 



2634.9/2246 



Model 2 
diskbb+compTT 



Obs. 1 

n ..-,+0.009 

u.ooi_ 004 



0.560 



+ 0.001 
-0.002 



Obs. 2 
0.15(/) 
0.336 



+ 0.004 
0.005 



0.560 



+0.001 
0.002 
96 +160 



60 
+0.8 
0.1 
+0.17 
0.20 



0.1 

6.84 
250 ± 
4.2 



+ 0.004 
0.005 
+98 
14 
+0.7 
0.5 



->+0.9 
-0.5 



+3 



16_ w 
4.9 ±0.5 



0.336 

32 

1.2 
6.97_o.o2 
150 ± 10 
3.2 ±0.1 

=Obs. 1 

=Obs. 1 



2672.0/2246 



Model 3 
diskbb+compPS 
Obs. 1 Obs. 2 

0.07 ±0.01 



^n+ - 008 
u.oou_ 004 



0.563 ±0.002 0.434 ±0.001 



0.563 ±0.002 0.434 ±0.001 



101] 
0.3 4 



1+39 
-36 
3+0.7 
-0.2 
u.»o_ 22 

290 ± 60 

4 o+0.5 
^-0.4 



27~ 
3.0 
6.97 
170 



+98 
14 

0.8 



0.04 
+30 
10 

3.2 ±0.1 



18^ 



5 + 3 

4.0 ±0.4 



=Obs. 
=Obs. 



2626.7/2245 



Notes: Results of joint Suzaku (Obs. 1) and XMM-Newton (Obs. 2) fits with simple continuum models. In all cases the incl ination and inn er disk radii were 
tied between the observations and the disk component was modelled with the standard multicolour disk model DISKBB dMitsuda et al.ll984|). The hard 
conti nuum in Model 1 is assumed t o consist of a simple powerlaw. Models 2 and 3 replaces the powerlaw with the Comptonization codes of lTitarchukl 1 19941) 

and lPoutanen & Svenssonl 1 19961) respectively. In both cases the input photon temperature (kTo) were tied to the thermal disk temperature. For Model 2 a 
disk geometry was assumed and the column density in Obs. 2 was frozen at the value found in Model 1 so as to prevent it from going to zero. In Model 3 we 
assume that the Compton cloud has a spherical geometry (parameter4) and deactivated the reflection option. All errors are 90 per cent confidence. 



though we are looking at two distinct states of XTE J 1752-223 
(see Fig. Q]). Such a line profile is usually attributed to grav- 
itational effects close to the central regions of a black hole 
jFabianetal.lll98^ : lLaorlll99lh . Alternative explanations such as 
Comptonization, velocity shifts and/or scattering effects have been 
shown to be extremely unlikely source of l i ne broadening (e.g . 
iFabian et all 1 19951: iReynolds & Wilms! Eoool : iMiller et al.l l2004bL 



^e also lHiemstra et al.l2010h . We therefore proceed by assuming a 
relativistic origin for the broad emission line and as such begin by 
modelling t he residuals seen in Fig. [2 with the the LAOR model 
dLaodll99lh . This model describes a broad line emerging from 
an accretion disk with emissivity profile described by a power- 
law of the form e( r ) = r~ q and an inner radius r m in units of 
r g = GM/c 2 . The outer disc radius was fixed at the maximum al- 
lowed value of 400r g . Only the inner radius and disc inclination, i 
were tied between the observations. 

When we fit the line profile with a model such as LAOR , to- 
gether with a separate disk component (e.g. Model 1) we find a 
degeneracy between the emissivity index (q) and the inclination of 
the system. The inclination as such is determined from the blue 
wing of the line profile and in XTE J 1752-223 this region is coinci- 
dental with the downturn of the disk emission. Figure HI shows the 
emissivity index 7 versus inclination parameter space for Model 1. 
It is apparent that there are two set of solutions: (i) disk inclination 
% < 50° with 3 < q < 5, and (ii) i > 50° with q > 5. We will 
proceed with the rest of this analysis by confining the inclination to 
be less than 40 degrees and q < 5.5 thus being consis tent with val- 
ues for emissivities found in the literature (see, e.g., Miller 2007) 
and adhering to the value of 3 expected for a standard accretion 
disk teevnolds & Nowak 2003h . It should also be said that we do 
not expect the inclination of this system to be high based on both 
the lack of dips and absorption - as expected for edge-on systems - 
as well as the lack of high frequency QPOs. Furthermore, we will 
show in the following section that this degeneracy is indeed broken 



7 We are only showing the emissivity index for Obs. 1 versus inclination 
however, a similar degeneracy is also found for q in Obs. 2. 
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Figure 5. Contour plot showing the inner-edge radii for both the interme- 
diate (Obs. 1) and low-hard state (Obs. 2) observations of XTE J1752-223. 
This provides explicit evidence that the radial extent of the accretion disk 
does not change between these states. As before the 68, 90 and 95 per cent 
confidence range for two parameters of interest are shown in black, red and 
green respectively. The cross marks the position of the global minima. 



when we fit the data with a self-consistent reflection model that 
also incorporates the thermal emission. Table Q] details the various 
parameters found for the three continuum models together with the 
LAOR line profile. In all cases we find a strong relativistic line with 
an inner radius of approximately 4r g . In order further to address 
the question of whether the edge of the inner disk recedes between 
the two states we allowed in Model lb for r m to vary between the 
observations. Figure [5] shows the contour map for these two values. 
It is clear that in both states the inner-edge of the accretion disk in 
XTE J1752-223 extends down to approximately 4r g , with such a 
value being consistent amongst the datasets at 2a (green contour in 
Fig.0. 

Suzaku observations of the stellar mass black holes Jl 655-40 
and CygX-1 in the low-hard state have suggested that the the 
broad-band continuum in this state has a more concave shape than 



© 0000 RAS, MNRAS 000, 000-000 



R. C. Reis et al. 



Table 2. Joint fits with self-consistent reflection models 



Model 4 
kdblur*refbhb + powerlaw 



Parameters 



Obs. 1 



Obs. 2 



Nn ( x 10 22 cm -2 ) 0.36 ±0.01 0.34 ± 0.01 



T disk (keV) 
Fin 

H den (xl0 20 ) 
N Re fbhb (xlO- 2 

Nhard 

Q 

(degrees) 
Spin (a) 

X 2 /^ 



2.53 
0.47 

0.3 
0.22 

44 
0.12 

3 

25 
3.7 



+0.08 
0.09 
+0.02 
0.01 
+0.2 
0.1 
+0.06 



-0.07 
-16 
-19 
+0.12 
-0.11 
fl.4 
-0.5 
+7 



+0.6 
0.7 



1.83 ±0.02 
0.30+ 01 
40 +o.i 

4 4+0-8 

0.24 ±0.01 

2 4 +0 - 2 
z -^-o.i 

=Obs. 1 
=Obs. 1 



2579.3/2247 



Model 5 
kerrconv*refbhb + powerlaw 



Obs. 1 
n o 7 +o.oi 

u -°' -0.02 

2 54+ - 02 
0.47 ±0.01 

n 9 o+0.05 

n 99 +0.06 
u - zz -0.02 

,+0.04 
0.13 
1.1 



0.13: 
4.0; 

28 



+4 



Obs. 2 
Sfi+ - 05 
1.83 ±0.02 
0.305 ±0.005 
3 94+ - 13 

°' y ^-0.15 

26^2 
4 5 +0 - 2 

^•°-0.4 

0.24 ±0.01 
2.5 ±0.1 
=Obs. 1 



0.52 



+0.13 
0.16 

2580.2/2247 



Obs. 1 



Notes: Results of joint Suzaku (Obs. 1) and XMM-Newton (Obs. 2) fits with the self-consistent reflection model REFBHB. In all cases the inclination, inner 
disk radii (or spin) were tied between the observations. Model 4 uses the kernel from the LAOR line profile to account for the gravitational effects close to 
the black hole. Model 5 replaces KDBLUR with the fully relativistic code KERRCONV were the spin is a parameter of the model. In both cases the hard 
emission illuminating the disk is assumed to be a powerlaw with index T. All errors are 90 per cent confidence for one parameter. 



that pre dicted by a single compPS component toget her with re- 
flection jTakahashi etaL 2008; Maldshima_eLaDl2008). To account 
for this effect the authors proposed a double -compPS model in line 
with previous double-C omptonisation work dGierlinski et al.ll 19971 : 
llbragimov et al.1 l2005h . Such a model is suggestive of a system 
where the accretion disk is truncated and the Comptonisation re- 
gion is inhomoge neous (for a detailed de scription of this model and 
interpretation see iTakahashi et al ]Ex!). In order to test whether 
such curvature in the continuum could result in a narrower line 
profile in the low-hard state observation of XTE J 1752-223 we in- 
cl ude an extra compPS com ponent to Model 3. Similarly to the work 
of iMakishima et al.1 j2008l) we constrain both components to have 
the same seed-photon and electron temperature, and the same re- 
flection parameters, but allow them to differ in normalization and 
optical depth. The electron temperature could not be constrained 
and was thus frozen at 100 keV similarly to the value found for 
Cyg X-l. The presence of a strong and broad emission line (again 
modelled with the LAOR line profile) at 6.7 ± 0.1 keV remained 
nonetheless (see bottom panel of Fig. [2j>, with an equivalent width 
of 130+iQ e V slightly lower than the values found for all other 
combinations for the continuum (see Table Q} as expected for such 
a curved continuum . However, this fit to the low-hard state dataset 
(X 2 /^ — 1162.8/1566) still requires an accretion disk extending 
to within 3.9 ± 0.5 r g of the central black hole. 

3.2 Self-consistent disk reflection 

In all our previous fits a broad iron emission line has been shown 
to be robustly present above a thermal-disk and powerlaw-like con- 
tinuum. In this section we use the reflection model REFBHB de- 
veloped by iRoss & Fabianl (2007) to self-consistently model both 
the thermal emission as well as the reflection features. Such anal- 
yses have previously been made for the stellar mass black hole 
in GX 339-4 and SWIFT J1753.5-0127 where it was shown that 
the black holes are rotating with a dimensionless spin parame- 
ter of approximately .93 ±0.01 and 0.76 ± 0.15 respectively 
(Reisetal. 2008, 2009). A current shortcoming of the reflection 
model i s that it assumes a single-temperature accretion disc. How- 
ever, in lReis et"aD d2008h we showed that such an assumption does 
not have any significant effect on the inferred innermost radius of 



100 r 




Energy (keV) 



Figure 6. Suzaku and XMM-Newton spectra of XTE J 1752-223 together 
with the ratio of the data to a model consisting of a self-consistent reflec- 
tion component and a powerlaw (Model 4). The spectra have been binned 
for visual clarity only. Suzaku XIS and PIN are shown in black and red 
respectively. XMM-Newton EPIC-pn spectrum is shown in green. 



emission by: (i) simulating a "real" disk with known inner radius 
and comparing it with the measured value using REFBHB and (ii) 
comparing the results o btained with R EFBHB with that of a ther- 
mal model, (KERRBB,|UetalJl2005|), which includes relativistic 
smearing in a disc with radial temperature gradient. In both cases 
there were no indication of any strong systematic variation in the 
values obtained from the single temperature model possibly due to 
the the dominance of relativistic smearing over the intrinsic broad- 
ening due the nature of the multicolour disk. 

The parameters of the REFBHB model are the number den- 
sity of hydrogen in the illuminated surface layer, Hden, the tem- 
perature of the blackbody heating the surface layers, the power- 
law photon index, and the ratio of the total flux illuminating the 
disc to the total blackbody flux emitted by the disc. To be able 
to directly compare the results with that obtained with the sim- 
ple models (§ 13. IK we start by convolving the reflection compo- 
nent with the relativisti c blurring ke rnel KDBLUR, which is derived 
from the same code bv lLaoriJl99lh . The power law index of REF- 
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Figure 7. Best- fit model for the Suzaku spectrum of XTE J 1752-223 in the intermediate state (Left) and XMM-Newton spectrum in the low-hard state (Right). 
The total model is shown in black, with the powerlaw and REFBHB components shown in blue and red respectively. The inset in the left panel show the line 
profile obtained by dividing the current model with the best fit powerlaw plus DISKBB continuum. 
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Figure 8. Goodness-of-fit versus inner radius for Model 1 (black) and 
Model 4 (red). The inner radii measured with these two distinct models 
are found to be consistent with each other. Taking the value obtained for 
the physically consistent model (Model 4; red) as a conservative indication 
of the inner extent of the accretion disk we find r iri to be 3.7^Q ^r g at the 
90 per cent confidence level (A% 2 = 2.71 for one parameter of interest). 
The dotted lines indicate confidence intervals. 



BHB is tied to that of the hard component and as before we con- 
strain the inclination and inner disk radius to be the same between 
the observations. Note that we have now removed the upper- limit 
constraint on the inclination and allow the full parameter space to 
be explored. The model results in an excellent fit to the data with 
X 2 /V = 2579.3/2247 (Model 4, see Fig. [6]). The parameters are 
shown in Table Figure |7] shows the model for both the Suzaku in- 
termediate state (Left) and the XMM-Newton low-hard state (Right) 
observations. 

The results presented in Tables 1 and 2 suggest that the ac- 
cretion disk in XTE J1752-223 extends down to within 3.7^0*7^ 
of the central black hole. This constraint can be better appre- 
ciated in Fig. [8j where the various confidences levels for r m 
are shown as the dashed-lines in the x 2 plot. Also shown in 
Fig. [8] are the confidence levels for the value of r m as ob- 
tained via the LAOR line profile (Model 1). It is clear that 
the inner radius found by modelling the line profile is consis- 
tent with that obtained from the physically motivated and self- 
consistent reflection model thus confirming the robustness of re- 
sults obtained from line-profile fitting in stellar mass black holes, 
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Figure 9. Goodness-of-fit versus spin for Model 5. It is clear that the black 
hole in XTE J 1752-223 is not maximally rotating, with a spin of a = 0.998 
being excluded at over 9a. A non-rotating, Schwarzchild black is excluded 
at the 3cr level of confidence. 



AGNs and neutron stars (Stel l ar mass BH: iMiller et all 120021 




120091 : 

AGNs 



Blum et al.1 



Fabian et al 



20091: iReis et~ai1 120091: Iffiemstra et all 



JI2002L 120091: [Fabian & VaugharJ 120031 : 
Zoghbi et al.ll2010l: iMiniutti et al J 120091: ISchmoll et al J 120091: N S: 
Bhattacharvva & Strohmaverl 120071: ICackett et al I I2Q08L l2009allbl: 



Idi Salvo et alJl2009L IReis Fabian. & Youndl2009h . Assuming that 
this radius is the same as the radius of marginal stability 
dRevnolds & Fabian 2008), our results implies that the black hole 
in XTE J 1752-223 is rotating with an intermediate spin parameter. 
To test this we repl aced the convolution model KD BLUR with the 
model KERRCONV ferenneman & RevnoldsE o06). This convolu- 
tion model is a fully relativistic code which enables the black hole 
spin to be fit as a free parameter and does not assume specific spin 
a priori. The parameters for this fit are listed in Table |2] (Model 5). 
In this manner we find the spin of the black hole in XTE J 1752-223 
to be a = 0.52t°;^ at the 90 per cent confidence level (Fig. [9]) and 
place a strong upper limit of a < 0.7 at greater than 5a . 



4 SUMMARY AND CONCLUSIONS 

We have observed the black hole candidate XTE J 1752-223 on two 
separate occasions during the decay of its 2009 outburst (Fig. [TJ. 
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By fitting the energy spectra we found that the earlier, Suzaku ob- 
servation caught the source in the intermediate state with a lumi- 
nosity of approximately 0.2LEdd, whereas the subsequent XMM- 
Newton observation found it to be in the canonical low-hard state 
with L/LEdd ~ 2 x 10 -2 assuming a 10 M at a distance of 
lOkpc. Both spectra shows the presence of a broad and asymmet- 
ric Fe emission line with equivalent width (EW) decreasing from 
270 eV to 170 eV. The line profile is found to be remarkably similar 
between the two states (Fig. [3j and robust to a variety of continua 
(Fig. |3. Furthermore we find that a thermal-disk component is re- 
quired in both states with the variation in flux following closely the 
L oc T 4 relation. The requirement of both a thermal disk compo- 
nent as well as a strong (EW> 150 eV) and asymmetric Fe emis- 
sion line in the low-hard adhere to the strong observational crite- 
ria described in iReis et all d2010h and is further evidence that the 
accretion disk does not begin to recede at the onset of the low- 
hard state. Our result is in direct contrast with the truncated disk 
paradigm which suggest that the disk recedes at the outset of the 
low-hard state and is thereby replaced by advection or magnetically 
dominated accretion flows. 

By modelling the full reflection features present in the spectra 
of XTE J 1752-223 with a self-consistent reflection model, we have 
shown in Fig.[8]that the inner disk extends down to 3.7t,o' m ?r g at the 
90 per cent level of confidence. Such a joint fit to the multiple states 
with a common model allows for the explicit treatment of variations 
in the ionization and/or structure of the accretion disk whilst at the 
same time reducing the errors on intrinsic physic al parameters such 
as the inner-disk inclination and bla ck hole spin dMiller et al.l2008l : 
IReis et al.ll2008l : iMiller et al.ll2009h . We note also that similar val- 
ues for nn are found when fitting the Fe-Ka line profile with a va- 
riety of phenomenological models, thus confirming the robustness 
of inner radii measurements via such reflection features. By using 
a fully-relativistic convolution code (KERRCONV) acting on a self- 
consistent reflection model (REFBHB), we formally constrained 
the spin of the black hole in XTE J1752-223 to be a = 0.52+°;^ 
at the 90 per cent level of confidence, thus ruling out a non-rotating, 
Schwarzchild black hole at greater than the 3 a confidence level and 
a maximally rotating black hole at more than the 9a level of confi- 
dence (Fig. [9]). 

The clear spectral differences between the two states (see 
Fig. 13 can potentially be ascribed to physical changes in the disk 
properties. In the intermediate state the disk contributes mostly to- 
wards the heating of the atmosphere whereas in the low-hard state 
this is achieved mostly by flux from the comptonzing region (see 
Table [3. This difference is partially due to the much lower thermal 
flux in the low-hard state, but it may also reflect an increase in the 
accretion power being funnelled into the corona or jet. The increase 
in hydrogen number density in the low-hard state as compared to 
the intermediate state, together with the lack of radial variation in 
the disk is likely attributed to changes in the atmosphere of the in- 
ner disk indicating that the disk is more vertically-extended in the 
intermediate state. Changes in the physical properties of the inner 
disk ha s previously been pr oposed as viable alternative to disk trun- 
cation jMerloni et al.l200(ih and has recently been invoked to partly 
explain the variable behav iour of GX 339-4 in the low-hard state 
dWilkinson & Uttlevl2009l) . The decrease in the equivalent width of 
the iron Ka line between the states is characteristi c of a decrease in 
the reflection fraction (it UGeorge & Fabianlll99ll) . This behaviour 
is usually seen in stellar mass black holes and can be explained 
without invoking disk trun cation by assumin g that either the inner 
disk becomes fully ionized dRoss et al.ll999h or/and that the coron a 
is moving relativistically away from the disk ( B el oborodovll 1 999b . 



The natal spin of a stellar-mass black holes produced via sin- 
gle collapse events is often thought to be be < 0.75 — 0.9 depend- 
ing on the type of the supernova or GRB that preceded its forma- 
tion and the physical structure (magnetic field, a ngular momentum, 
metallicity, etc) of the progenitor star (see e.g. IShibata & Shapiro! 
l2002l : lHeger & Wooslevl2002l : lGammie et al.l2004h . However, sub- 
sequent accretion process ha s been shown to spin-up the central 
black hole to values > 0.9 dGammie et al.ll2004l ; IVolonteri et al.l 
l2005h under certain conditions. The intermediate value for the spin 
parameter found here suggest that the black hole in XTE J 1752-223 
has not changed its natal spin by a significant amount. 
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